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3.55 keV X-ray Line Interpretation in Radiative Neutrino Model
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We discuss the 3.55 keV X-ray line anomaly reported by XMN-Newton X-ray ob-
servatory using data of various galaxy clusters and Andromeda galaxy in a radiative
neutrino model, in which the mixing between the active neutrino and the dark mat-
ter is generated at two-loop level after the spontaneous breaking of Z2 symmetry.
It might provide us a natural explanation of its tiny mixing O(10−10), which is ob-
served by their experiments. Such an Abelian discrete symmetry plays a crucial role
in differentiating the TeV scale Majorana field from our dark matter, whose mass is
expect to be around 7.1 keV.
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2I. INTRODUCTION
The standard model (SM) has been finalized by the discovery of the Higgs boson. On
the other hand, so many unsolved problems in the particle physics and cosmology still
remain. The origin of the dark matter (DM) is one of the biggest issues for such mysteries.
Its properties are well known by previous experiments that tell us an electrically neutral
particle, a warm or cold one, and longer lifetime than the universe, if DM is constituted by
an elementary particle. It should be noted that the last one does not mean that DM must
be a completely stable particle. One of the plausible possibilities for such an unstable DM
is a gauge singlet fermion. If the magnitude of its interaction is tiny, the lifetime can be
longer than the age of the universe.
Recently, two different groups [1, 2] report a signal of an anomalous X-ray line which has
an energy of about 3.55 keV. A lot of literature has recently arisen around the subject after
this announcement [3–28]. This signal may come from a radiative decay of the gauge singlet
fermion and constrains the mass of the singlet fermion as about 7.1 keV and the mixing with
the ordinary neutrinos as O(10−10). To simply realize these small mass and mixing angle,
the parameters of the Majorana mass and tree level coupling should be artificially made tiny.
However, another solution can be considered when the scalar sector is extended by some
fields with additional symmetries that forbid tree level contributions. Such symmetries
often assure the stability of DM. Hence the observed neutrino masses can be generated
through a radiative correction with O(1) couplings as well as the mixing angle is successfully
suppressed.
This paper is organized as follows. In Sec. II, we show our model building including
neutrino mass. In Sec. III, we discuss the DM nature. We conclude in Sec. VI.
II. THE MODEL
In this section, we devote the detail of our model. First, we show the charge assignments
for each field and introduce the properties of them. Second, we analyze the influence of
the additional scalars to the so-called Peskin-Takeuchi parameters. Finally, we discuss the
neutrino mass generation by one of the radiative seesaw models, Ma-model [29, 30].
3A. Model setup
Particle LL eR NR XR
(SU(2)L, U(1)Y ) (2,−1/2) (1,−1) (1, 0) (1, 0)
Z2 − − + −
Z ′2 + + + −
TABLE I: The particle contents for fermions, where LL and eR have three generations, on the
other hand, NR and XR are introduced as one family. XR is our DM to explain the X-ray line
signal.
Particle Φ ηi (i = 1 , 2) χ+ χ0
(SU(2)L, U(1)Y ) (2, 1/2) (2, 1/2) (1, 1) (1, 0)
Z2 + − + +
Z ′2 + + − −
TABLE II: The particle contents and the charges for scalars.
We discuss the one-loop induced radiative neutrino model containing the DM candidate
with the mass at keV range. The particle contents are shown in Tab. I and Tab. II. We
add two SU(2)L singlet Majorana fermions NR and XR, where XR is assumed to be the
DM candidate. For new bosons, we introduce two SU(2)L doublet scalars ηi (i = 1 , 2),
a singly-charged SU(2)L singlet scalar χ
+, and a neutral SU(2)L singlet scalar χ
0 to the
standard model. Due to two inert SU(2)L doublets, a single NR is enough to obtain the
observed lepton mixing as well as neutrino masses [30]. We assume that the SM-like Higgs
Φ and χ0 have respectively vacuum expectation value (VEV); v/
√
2 and v′/
√
2. The Z2
symmetry assures the stability of DM (XR) at tree level, but Z
′
2 is spontaneously broken by
v′. As a consequence of the Z ′2 breaking, the mixing between XR and active neutrinos are
induced at two loop level.
The relevant renormalizable Lagrangian for Yukawa sector and scalar potential under
4these assignments are given by
LY = (yℓ)aL¯LaΦeRa + (yiη)aL¯LaNRη∗i + (yχ)aX¯cReRaχ+ +MNN¯ cRNR +MXX¯cRXR + h.c.(II.1)
V = m21Φ†Φ+ (m22)ijη†i ηj +m23χ+χ− +m24|χ0|2 +
√
2aij [χ
0ηti(iτ2)ηjχ
− + h.c.]
+λ1(Φ
†Φ)2 + (λ2)ijkℓ(η
†
i ηj)(η
†
kηℓ) + (λ3)ij(Φ
†Φ)(η†i ηj) + (λ4)ij(Φ
†ηi)(η
†
jΦ) (II.2)
+(λ5)ij [(Φ
†ηi)(Φ
†ηj) + c.c.] + λ6(Φ
†Φ)(χ+χ−) + (λ7)ij(η
†
i ηj)(χ
+χ−) + λ8(χ
+χ−)2
+λ9|χ0|4 + λ10(Φ†Φ)|χ0|2 + (λ11)ij(η†i ηj)|χ0|2 + λ12(χ+χ−)|χ0|2,
where a = 1-3, (i, j) = 1 , 2, and the first term of LY can generates the (diagonalized)
charged-lepton masses. Each MN and MX includes the mass term after the spontaneous
breaking Z ′2 symmetry, that is, yNv
′ and yXv
′. One of the mass parameters, aijv
′(≡ µij),
can be chosen to be real without any loss of generality by renormalizing the phases to scalar
bosons, and its index ij(kℓ) runs 1 to 2, where µii vanishes due to the antisymmetric property.
Also µ12 6= µ21 is required, otherwise its term vanishes. The couplings λ1, (λ2)iiii (i = 1 , 2),
λ8, and λ9 have to be positive to stabilize the Higgs potential. The scalar fields can be
parameterized as
Φ =

 φ+
φ0

 , ηi =

 η+i
η0i

 , (i = 1 , 2). (II.3)
The neutral components of the above fields and the singlet scalar fields can be expressed as
φ0 =
1√
2
(v + ϕ), η0i =
1√
2
(ηRi + iηIi), χ
0 =
1√
2
(v′ + ρ+ iσ), (II.4)
where Φ is the SM-like Higgs, and v is its VEV, which is related to the Fermi constant GF by
v2 = 1/(
√
2GF ) ≈ (246 GeV)2. Inserting the tadpole condition about ϕ and ρ, the resulting
mass matrix of the CP-even neutral component, is generally given by m2(ϕ2) = 2λ1v
2,
m2(ρ2) = 2λ9v
′2, and m2(ϕρ) = λ10vv
′, however we assume λ10 << λ1,9 to neglect the
mixing. Hence ϕ and ρ can be identified as mass eigenstate. Due to their mixing terms
λ3,4,5,11, the general expression of the masses for the ηi has a complicated form so we also
assume that these terms are negligible compared to the diagonal terms of (m22)11(22) for
simplicity. As a result, we can identify η±i , ηR/Ii ( i = 1 , 2) as mass eigenstates hereafter.
5B. S and T parameters
The existence of new scalars (ηi) implies the additional contribution to the S and T
parameters [31, 32]. One can evaluate the new contribution as
Snew =
1
2π
∑
i=1 ,2
∫ 1
0
dx(1− x)x ln
[
xm2ηRi + (1− x)m2ηIi
m2
η+i
]
, (II.5)
Tnew =
1
32π2αemv2
∑
i=1 ,2
[
F (mη+i , mηRi) + F (mη
+
i
, mηIi)− F (mηIi , mηRi)
]
, (II.6)
F (m1, m2) =
m21 +m
2
2
2
− m
2
1m
2
2
m21 −m22
ln
(
m21
m22
)
. (II.7)
where αem = 1/137 is the fine structure constant. The allowed deviations from the SM
predictions, under mφ0 = 126 GeV, are estimated as [33]
Snew = 0.03± 0.10, Tnew = 0.05± 0.12... (II.8)
Assuming 1 ≤ m1/m2 . 3, we can approximately obtain the following constraint from the
Tnew, ∑
i=1 ,2
(
mη+i
−mηRi
)(
mη+i
−mηIi
)
. 1332 GeV. (II.9)
Considering these constraints for Snew and Tnew, we can obtain η
±
i . 200 GeV fixing ηRi/Ii ≃
100 GeV.
C. Neutrino mass matrix
The neutrino mass matrix can be obtained at one-loop level as follows [29, 30]:
(M)ab ≈ −
(yiη)a(y
j
η)b(λ5)ijv
2
8π2MN
[
m2ηj
m2ηi −m2ηj
ln
m2ηi
m2ηj
+ ln
m2ηi
M2N
]
, (II.10)
where we define m2ηi/j ≡ (m2ηRi/j +m2ηIi/j )/2, (i, j = 1 , 2), and assume MN ≫ m2ηi , m2ηj for
our convenience to analyze DM. In this form, observed neutrino mass differences and their
mixings are obtained [30]. We show a benchmark point to satisfy the data of neutrino masses
reported by Planck data [34]
∑
mν < 0.933 eV, as follows:
(yη) ≈ 5× 10−3, mηi ≈ 100 GeV, mηj ≈ 110 GeV, λ5 ≈ 10−5, MN ≈ 500 GeV.
(II.11)
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FIG. 1: Radiative generation of neutrino masses.
Then we can obtain the neutrino mass as
(mν)ab ≈ 0.89 eV. (II.12)
It is worth mentioning that a lepton flavor violating process such as µ→ eγ, which provides
us the most stringent constraint, should be taken into account. Applying our benchmark
point in Eq. (II.11) with η±i ≈ 200 GeV (that comes from S and T parameters), our branching
ratio of µ → eγ can be estimated as O(10−14), which is below the experimental bound by
MEG 5.7× 10−13 [35].
III. DARK MATTER
We discuss the DM candidate to explain the X-ray line signal reported by [1, 2]. On
the other hand, our model has two DM candidates; ηi/j and XR. To achieve it, XR has
to be dominant number density among these fields. Here we assume the mass hierarchy
MX < mηi/j (< NR)
1 . Although a lighter state of ηi/j would be a DM candidate, it cannot
be a dominant component of the universe. This is because the decay channel 2ηi/j → 2Z
opens and its relativistic cross section is enhanced, If we put its mass to be larger than the
mass of neutral gauge boson Z ≈ 90 GeV (but not larger than 500 GeV) [36]. Notice here
that our benchmark point can be always avoidable from the constraint of direct detection
search experiments such as LUX [37], since our mass difference between ηRi/j and ηIi/j,
(which is proportional to
√
λ5v ≈ O(1) GeV), is enough large compared to O(100) keV that
1 Since NR has an accidental symmetry Z
′′
2 , it can be also the DM candidate in general. But we assume
NR can decay enough earlier than the others through the coupling yη, that is, NR is out of DM.
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FIG. 2: Mixing of XR with the ordinary neutrinos.
is the lowest bound to escape the constraint of the inelastic scattering process via Z-boson
for the direct detection search. Hence we set these masses of ηi/j are O(100) GeV. As a
result, only XR can be the DM candidate that is a long-lived particle.
A. Mixing between XR and ν
The mixing mass term between XR and νa is obtained at two-loop level as depicted in
Fig. 2. This mass matrix can be given as [38]
(mν-X)a ≈ µij
2
[
(yχ)a(mℓ)a(y
i
η)
∗
a(y
j
η)a√
2(4π)4MN
]
F
(
m2
η+i
M2N
,
m2χ+
M2N
,
m2ηj
M2N
)
+ (i↔ j), (III.1)
where mℓ is the SM charged leptons, and the loop function F is computed by
F (X1, X2, X3) =
∫ 1
0
dx
∫ 1
0
dy
∫ 1
0
dzδ(x+ y + z − 1)
∫ 1
0
dα
∫ 1
0
dβ
∫ 1
0
dγδ(α + β + γ − 1)
× 1
(z2 − z)(α + βX3 − γ∆) , (III.2)
with
∆ =
x (mℓ)
2
a
M2N
+ yX2 + zX1
(z2 − z) . (III.3)
The mixing between active neutrino and DM is given as
θ ≡ mν−X
MX
≈ 5× 10−6 ×
(
7.1keV
MX
)( µij
100 GeV
)( yχ
O(1)
)(
F
O(0.1)
)
, (III.4)
where MX is the mass of DM and µij, yχ, and F are the parameters in our model appeared
in Eq. (III.1). The other parameters are already fixed in order to explain the observed
8neutrino masses as in Eq. (II.11). The value 5× 10−6 is an expected mixing angle from the
X-ray experiment [1, 2]. F ≈ O(0.1) can be always achieved by fluctuating (almost) the free
two mass parameters mχ+ and MN .
B. Production of XR
Here we briefly comment on the production of DM. We have a scalar field χ0, which have
the Yukawa interaction with XR in our model. In this case, the decay of this scalar field into
XR can create the correct abundance of DM (for instance, see Ref. [39]). There might be
another possibility. As we show in the Lagrangian (II.1), XR have the Yukawa interaction
with a heavy particle χ+ and O(1) coupling. χ+ is thermalized through the quartic coupling
via the SM-like Higgs particle. After decoupling χ+ from the thermal bath, XR can be
created through the decay of χ+. Since the amount of the relic abundance of DM depends
on the decoupling temperature of χ+, that is, the detail magnitude of the scalar coupling
constants should be determined. Such analysis is however beyond the scope at this moment.
Here we would like to note that the DM abundance can be explained without conflicting
with the results of the current experiments.
From the discussion of the beginning of this section, neutral additional particles except
XR decay into the other particles in the early universe. Therefore, XR is only the DM
candidate in our model.
IV. CONCLUSIONS
We have investigated the radiative neutrino model, in which 7.1 keV X-ray line reported
by the analysis of the X-ray observation experiments can be successfully realized at the same
time. We have introduced two gauge singlet fermions and three additional inert scalars into
the SM with Z2×Z ′2 symmetry. The observed neutrino masses are radiatively generated at
the one-loop level, and the mixing angle with the ordinary neutrinos is given at the two-loop
level. As a result, the desired mixing θ ≈ 5× 10−6 can be naturally explained as well as the
9neutrino masses.
[1] E. Bulbul, M. Markevitch, A. Foster, R. K. Smith, M. Loewenstein and S. W. Randall,
arXiv:1402.2301 [astro-ph.CO].
[2] A. Boyarsky, O. Ruchayskiy, D. Iakubovskyi and J. Franse, arXiv:1402.4119 [astro-ph.CO].
[3] H. Ishida, K. S. Jeong and F. Takahashi, arXiv:1402.5837 [hep-ph].
[4] D. P. Finkbeiner and N. Weiner, arXiv:1402.6671 [hep-ph].
[5] T. Higaki, K. S. Jeong and F. Takahashi, arXiv:1402.6965 [hep-ph].
[6] J. Jaeckel, J. Redondo and A. Ringwald, arXiv:1402.7335 [hep-ph].
[7] H. M. Lee, S. C. Park and W. -I. Park, arXiv:1403.0865 [astro-ph.CO].
[8] K. Kong, J. -C. Park and S. C. Park, arXiv:1403.1536 [hep-ph].
[9] M. Frandsen, F. Sannino, I. M. Shoemaker and O. Svendsen, arXiv:1403.1570 [hep-ph].
[10] S. Baek and H. Okada, arXiv:1403.1710 [hep-ph].
[11] J. M. Cline, Y. Farzan, Z. Liu, G. D. Moore and W. Xue, arXiv:1404.3729 [hep-ph].
[12] K. P. Modak, arXiv:1404.3676 [hep-ph].
[13] K. S. Babu and R. N. Mohapatra, arXiv:1404.2220 [hep-ph].
[14] F. S. Queiroz and K. Sinha, arXiv:1404.1400 [hep-ph].
[15] S. V. Demidov and D. S. Gorbunov, arXiv:1404.1339 [hep-ph].
[16] P. Ko, Z. kang, T. Li and Y. Liu, arXiv:1403.7742 [hep-ph].
[17] R. Allahverdi, B. Dutta and Y. Gao, arXiv:1403.5717 [hep-ph].
[18] C. Kolda and J. Unwin, arXiv:1403.5580 [hep-ph].
[19] M. Cicoli, J. P. Conlon, M. C. D. Marsh and M. Rummel, arXiv:1403.2370 [hep-ph].
[20] E. Dudas, L. Heurtier and Y. Mambrini, arXiv:1404.1927 [hep-ph].
[21] K. -Y. Choi and O. Seto, arXiv:1403.1782 [hep-ph].
[22] H. Okada and T. Toma, arXiv:1404.4795 [hep-ph].
[23] N. Chen, Z. Liu and P. Nath, arXiv:1406.0687 [hep-ph].
[24] J. P. Conlon and F. V. Day, arXiv:1404.7741 [hep-ph].
[25] D. J. Robinson and Y. Tsai, arXiv:1404.7118 [hep-ph].
[26] S. P. Liew, JCAP 1405, 044 (2014) [arXiv:1403.6621 [hep-ph], arXiv:1403.6621].
[27] S. Chakraborty, D. K. Ghosh and S. Roy, arXiv:1405.6967 [hep-ph].
10
[28] T. Tsuyuki, arXiv:1403.5053 [hep-ph].
[29] E. Ma, Phys. Rev. D 73, 077301 (2006) [arXiv:hep-ph/0601225].
[30] D. Hehn and A. Ibarra, Phys. Lett. B 718, 988 (2013) [arXiv:1208.3162 [hep-ph]].
[31] R. Barbieri, L. J. Hall and V. S. Rychkov, Phys. Rev. D 74, 015007 (2006) [hep-ph/0603188].
[32] M. E. Peskin and T. Takeuchi, Phys. Rev. D 46, 381 (1992).
[33] M. Baak, M. Goebel, J. Haller, A. Hoecker, D. Kennedy, R. Kogler, K. Moenig and M. Schott
et al., Eur. Phys. J. C 72, 2205 (2012) [arXiv:1209.2716 [hep-ph]].
[34] P. A. R. Ade et al. [ Planck Collaboration], arXiv:1303.5076 [astro-ph.CO].
[35] J. Adam et al. [MEG Collaboration], arXiv:1303.0754 [hep-ex].
[36] T. Hambye, F. -S. Ling, L. Lopez Honorez and J. Rocher, JHEP 0907, 090 (2009) [Erratum-
ibid. 1005, 066 (2010)] [arXiv:0903.4010 [hep-ph]].
[37] D. S. Akerib et al. [LUX Collaboration], arXiv:1310.8214 [astro-ph.CO].
[38] H. Okada, arXiv:1404.0280 [hep-ph].
[39] K. Allison, JHEP 1305 (2013) 009 [arXiv:1210.6852 [hep-ph]].
